Multiple effects of melatonin on rhythmic clock gene expression in the mammalian pars tuberalis by Johnston, Jonathan et al.
Multiple Effects of Melatonin on Rhythmic Clock Gene
Expression in the Mammalian Pars Tuberalis
Jonathan D. Johnston,* Benjamin B. Tournier,* Hakan Andersson, Mireille Masson-Pe´vet,
Gerald A. Lincoln, and David G. Hazlerigg
School of Biological Sciences (J.D.J, D.G.H.), University of Aberdeen, Zoology Building, Aberdeen AB24 2TZ, Scotland,
United Kingdom; Neurobiologie des Rhythmes laboratory, Unite´ Mixte de Recherche 7518 Centre National de la Recherche
Scientifique/Universite´ Louis Pasteur (B.B.T., M.M.-P.),67084 Strasbourg, France; and Medical Research Council Human
Reproductive Sciences Unit (H.A., G.A.L.), Centre for Reproductive Biology, The Queen’s Medical Research Institute,
Edinburgh EH16 4TJ, Scotland, United Kingdom
In mammals, changing day length modulates endocrine
rhythms via nocturnal melatonin secretion. Studies of the
pituitary pars tuberalis (PT) suggest that melatonin-regu-
lated clock gene expression is critical to this process. Here,we
consideredwhether clock gene rhythms continue in the PT in
the absence ofmelatonin andwhether the effects ofmelatonin
on the expression of these genes are temporally gated. Soay
sheep acclimated to long photoperiod (LP) were transferred
to constant light for 24 h, suppressing endogenous melatonin
secretion. Animals were infused with melatonin at 4-h inter-
vals across the final 24 h, and killed 3 h after infusion. The
expression of five clock genes (Per1, Per2, Cry1, Rev-erb, and
Bmal1) was measured by in situ hybridization. In sham-
treated animals, PT expression of Per1, Per2, and Rev-erb
showedpronounced temporal variationdespite theabsenceof
melatonin, with peak times occurring earlier than predicted
under LP. The time of peak Bmal1 expression remained LP-
like, whereasCry1 expressionwas continually low. Melatonin
infusion induced Cry1 expression at all times and suppressed
other genes, but only when they showed high expression in
sham-treated animals. Hence, 3 h after melatonin treatment,
clock gene profiles were driven to a similar state, irrespective
of infusion time. In contrast to the PT, melatonin infusions
had no clear effect on clock gene expression in the suprachi-
asmatic nuclei. Our results provide the first example of acute
sensitivity of multiple clock genes to one endocrine stimulus
and suggest that rising melatonin levels may reset circadian
rhythms in the PT, independently of previous phase. (Endo-
crinology 147: 959–965, 2006)
MELATONIN, THE PRINCIPAL product of the verte-brate pineal gland, undergoes marked temporal
variation in secretion and drives a wide range of rhythmic
physiology. In mammals, the synthesis and secretion of pi-
neal melatonin occurs at night, under the control of the
circadian clock present in the suprachiasmatic nuclei (SCN)
of the hypothalamus. The duration of this nocturnal signal
varies in proportion to the length of the night, and thence
melatonin secretion transduces both daily and seasonal time
throughout the body (1).
The pituitary pars tuberalis (PT) is strongly implicated in
the photoperiodic regulation of prolactin secretion and, be-
cause of its high density of melatonin receptors, has become
a keymodel tissue for the understanding of melatonin signal
readout (2–4). It is now clear thatmelatonin is a key regulator
of clock gene expression in the mammalian PT, because mod-
ulation of the endogenous profile of melatonin secretion, by
manipulation of ambient photoperiod or by administration of
exogenous melatonin, changes PT clock gene profiles (5–9).
To date, the documented effects of melatonin in the PT can
be divided into those occurring in the morning (Per1) and
those occurring in the evening (Cry1, Rev-rb). The former
depend on melatonin withdrawal at the end of the night,
probably mediated by the resultant increase in cAMP pro-
duction (2, 5). In rodents unable to synthesize melatonin,
either because of genetic deficiency (10) or pinealectomy (11),
rhythmic expression of Per1 expression is absent, suggesting
that melatonin is necessary for maintained rhythmic gene
expression in this tissue.
Collectively, these observations suggest that the PT contains
a circadian oscillator that is either driven or modulated by
melatonin and raise questions about 1) whether a rhythmic
melatonin signal is necessary for the 24-hvariationof clockgene
expression in the PT and 2) whether melatonin actions on gene
expression in the PT is restricted to time windows around the
morning and evening changes in illumination. To test these
ideas, we returned to the sheep as a model because this species
has been extensively used for investigations into the molecular
basis of melatonin-dependent photoperiodic responses (2, 6,
12). We placed animals in constant light for one 24-h cycle
(thereby suppressing endogenous melatonin secretion) and
treated them at 4-h intervals with either melatonin-containing
sc implants or sham procedure.
Materials and Methods
Animals and housing
All animals were treated in accordance with the U.K. Animals (Sci-
entific Procedures) Act, 1986. Forty-eight pubertal female Soay sheep,
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obtained from specialist breeders in Scotland (12), were brought indoors
in winter (November). They were housed in light-sealed rooms and fed
a standardized diet of grass pellets (500 g per animal; Vitagrass, Cum-
bria, UK) given daily 1 h into the light phase. Hay and water were
available ad libitum. White fluorescent strip lights provided approxi-
mately 160 lux at the animals’ eye level during the light phase, whereas
dim red light (5 lux) was provided during the dark phase.
Light and melatonin treatment
The animals were initially acclimatized under a winter-like short
photoperiod (SP; 8 h light, 16 h darkness) for 4 wk and then exposed to
long photoperiod (LP; 16 h light, 8 h dark) for 6 wk. Blood samples were
collected twice weekly from the jugular vein from representative ani-
mals (n 12), and the blood plasma separated by centrifugation within
30 min and stored at 20 C, to measure prolactin concentration as
evidence of photoresponsiveness.
Over the final 24 h of the experiment, lights were left on to suppress
endogenous pineal melatonin secretion. Animals were treated with a
single sc implant of melatonin (Regulin; CEVA Animal Health,
Chesham, Bucks, UK) placed on the inside of the hind leg using a
standard injector, or a sham treatment with no implant as control at 4-h
intervals across the final 24 h (n 4 per time point), and killed 3 h after
treatment by pentobarbital injection. Immediately before death, blood
samples were collected from the jugular vein and processed as above to
permit analysis of the effect of treatments on melatonin concentration.
The hypothalamus and upper pituitary gland were removed within 10
min of death and snap frozen in isopentane kept at 30 C by dry ice.
The expression of five clock genes (Per1, Per2, Cry1, Rev-erb, and Bmal1)
was measured in the PT and SCN by in situ hybridization.
RIA
Prolactin concentrations were measured by a validated RIA (13). The
lower limit of sensitivity was 0.5 ng/ml prolactin standard (NIH-PRL-
S13), and the intraassay coefficient of variation was 8.3%. Melatonin
concentrations were also measured by a standard RIA (14), using a
commercial antibody (PF-1288; SPI-BIO, Paris, France). The sensitivity
of the assay was 5 pg/ml, and the intraassay coefficient of variation was
12.0%.
In situ hybridization
Coronal cryosections (20 m) cut through the SCN and PT were
thaw-mounted onto poly-l-lysine-coated glass slides and stored at 80
C. Expression of the clock genes Per1, Per2, Cry1, Bmal1, and Rev-erb
was then detected using radioactive riboprobes and procedures de-
scribed previously (15).
Statistics
Weekly changes in plasma prolactin concentration during acclima-
tion to LP were analyzed by one-way ANOVAwith repeated measures.
Clock gene expression profiles in sham-treated animals were analyzed
by one-way ANOVA. The comparison between melatonin and sham
treatment was analyzed by two-way ANOVA and Bonferroni’s post hoc
testing when appropriate.
Results
Photosensitivity of experimental animals
The pretreatment exposure to LP induced a significant
(P  0.01, one-way ANOVA with repeated measures) in-
crease in plasma prolactin concentrations from 19.2 4.6, at
the change from SP to LP, to 52.4  11.1 ng/ml at wk 6,
illustrating the physiological and photosensitive state of the
experimental animals before the final day on constant light
(LL) (Fig. 1).
Effect of treatment on endocrine profiles
LL treatment resulted in suppressed plasma melatonin
concentration across the 24-h cycle (Fig. 2A; melatonin con-
centration in sham groupwas 10.4 0.9 pg/ml,mean sem,
n  24). Melatonin implants significantly increased plasma
melatonin concentration within 3 h (Fig. 2A; P  0.001 for
effect of treatment, two-way ANOVA). This effect was in-
FIG. 1. Photoresponsiveness of experimental animals. Female Soay
sheep were brought indoors into controlled lighting conditions in
November. They were initially exposed to a SP (8 h light, 16 h dark)
for 4 wk and then transferred to LP (16 h light, 8 h dark) for 6 wk.
Over this final 6-wk period, blood samples were taken from a subset
(n  12) of animals to monitor plasma prolactin concentration. Ex-
posure to LP induced an increase in plasma prolactin (P  0.01,
one-way ANOVA with repeated measures), indicating that the ani-
mals used in this study were photoresponsive.
FIG. 2. Melatonin implants induce physiological plasma melatonin
concentrations and acutely inhibit plasma prolactin. Soay sheep ac-
climated to LP conditions were kept in LL for the final 24 h of the
experiment. During this period, animals were given either melatonin
infusion or sham treatment every 4 h and killed 3 h after treatment.
A, Across the 24-h cycle, plasma melatonin concentration was sup-
pressed in sham-treated animals but raised into the nocturnal phys-
iological range by melatonin implants (P  0.001 for effect of treat-
ment, two-way ANOVA). B, Treatment with melatonin acutely
suppressed plasma prolactin concentration (P  0.01 for effect of
treatment, two-way ANOVA).
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dependent of infusion time (P  0.05 for treatment  time
interaction, two-way ANOVA). The resulting plasma mela-
tonin concentrations (216.9  28.0 pg/ml, mean  sem, n 
24)werewithin the nocturnal physiological range commonly
observed in this species (12).
Although prolactin concentration appeared to be low in
sham-treated animals killed at zeitgeber time 16 (ZT16) (Fig.
2B), there was no statistically significant 24-h variation in
either the sham- or melatonin-treated animals (P  0.05 for
effect of time in both experimental groups, one-way
ANOVA). Administration of melatonin during LL decreased
mean plasma prolactin concentration within 3 h of treatment
(Fig. 2B; plasma prolactin concentration was 29.8  4.0 vs.
18.6 2.6 ng/ml, sham vs.melatonin-treated group, mean
sem, n  24; P  0.01 for effect of treatment, two-way
ANOVA). This acute response to melatonin was not time
dependent (P  0.05 for treatment  time interaction, two-
way ANOVA).
Clock gene expression in the PT
Despite the suppressed plasma melatonin concentrations
in sham-treated animals, the expression of four of the five
clock genes analyzed in the PT exhibited significant (P 0.05,
one-way ANOVA) variation over the 24-h cycle (Fig. 3). For
Rev-erb and Per1, which show peak PT expression in the
early light phase in LP acclimated animals (6, 8), amelatonin-
independent expression peak was seen after approximately
20 h of constant light treatment. For Per2, which peaks
slightly later than Per1 under LP (6), a melatonin-indepen-
dent increase in expression was seen after 24 h of exposure
to LL. Similar to the case in LP acclimated animals (6), Bmal1
expression peaked between ZT12 and ZT16 in LL.
In contrast to the other clock genes, Cry1 expression in
sham-treated animals did not vary significantly over the LL
sampling period (P  0.05, one-way ANOVA) and was low
at all sampling points (Fig. 4).Melatonin infusion for a period
of 3 h caused a large increase in the expression ofCry1mRNA
in the PT (Fig. 4) (P  0.001 for effect of treatment, two-way
ANOVA). This increase occurred at all sampling points
throughout the 24-h cycle (P  0.05 melatonin vs. sham,
two-way ANOVA with Bonferroni’s post hoc test). The ex-
pression of Per1, Per2, Rev-erb, and Bmal1was also sensitive
to melatonin treatment, but in these instances the effects of
melatonin were inhibitory and time dependent (P  0.05
melatonin vs. sham, two-wayANOVAwith Bonferroni’s post
hoc test) (Fig. 5). As a result of these effects, the expression
of clock genes in the PT 3 h after melatonin treatment was
qualitatively similar, irrespective of the time of infusion;Cry1
mRNA was elevated, whereas all other mRNAs were sup-
pressed (Figs. 4 and 5).
Clock gene expression in the SCN
The expression of all five clock genes was rhythmic in the
SCN over 24 h of LL exposure (P  0.001 for effect of time,
two-way ANOVA). Melatonin had a significant effect on
Rev-erb expression (P 0.05 for effect of treatment, two-way
ANOVA), although this effect was not dependent upon time
of melatonin treatment (P  0.05 for treatment  time in-
teraction, two-way ANOVA). For all other genes, melatonin
had no significant effect onmRNAexpression (P 0.05 effect
of treatment, two-way ANOVA) (Fig. 6).
Discussion
Recent studies have identified rhythmic expression of
multiple clock genes in the mammalian PT and proposed
models bywhich these genesmaymediate the photoperiodic
effects of melatonin (16). Here, we have used photosensitive
FIG. 3. Clockgenerhythmspersist in theabsenceof rhythmic
melatonin secretion. Soay sheep acclimated to LP conditions
were kept in LL for the final 24 h of the experiment. Despite
suppressed plasma melatonin concentration over the whole
24-h period, expression of Per1, Per2, Rev-erb, and Bmal1
mRNAs in the PT of sham-treated animals exhibited signif-
icant (P  0.001, one-way ANOVA) variation in expression.
Moreover, the relative timing of peak mRNA expression was
similar to that reported in other clock tissues. Autoradio-
graphs show representative examples of maximal and mini-
mal expression of each gene. Scale bar, 2 mm.
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Soay sheep to demonstrate that clock gene rhythms persist
in the absence of endogenous melatonin secretion. Further-
more, in these animals, melatonin infusions acutely alter the
expression of multiple clock genes at all phases of the 24-h
cycle in the PT, without any corresponding effects in the
SCN. These data are consistent with the possibility that the
PT functions as a circadian oscillator that can be synchro-
nized by an increase inmelatonin concentration in the blood-
stream, irrespective of when this occurs relative to lights on.
More generally, this study provides the first example of acute
responsiveness of multiple clock genes to a single defined
endocrine stimulus.
Since the classical lesioning experiments performed over
30 yr ago (17, 18), the SCN has been viewed as a master
circadian pacemaker that drives and synchronizes overt
rhythms of physiology and behavior. The recent identifica-
tion of circadian oscillators in peripheral tissues and in im-
mortalized cell lines suggests that the role of the SCN is
primarily to coordinate circadian oscillations throughout the
organism (19) and focuses attention on the mechanisms
through which such circadian synchronization takes place.
The precise manner by which a given SCN-dependent cir-
cadian signal influences peripheral oscillator function may
be expected to reflect the physiological functions of the tis-
sues upon which it acts. In mammals, melatonin is one such
SCN-dependent circadian output, whose primary function is
to modulate neuroendocrine physiology, by relaying infor-
mation about changes in day length (20). The pineal mela-
tonin signal communicates the phase of night onset and of
the subsequent dawn; melatonin is secreted continuously
between these transitions, giving a signal whose duration is
proportional to the length of the night. This ability of the
melatonin signal to represent night duration is crucial for
photoperiodic responses in seasonal mammals (21).
The PT is a largely homogeneous population of type 1
melatonin (MT1) receptor-expressing thyrotrophic cells (22,
23), making it an ideal tissue for the study of melatonin
action. Long-term loss of melatonin synthesis or loss of func-
tional MT1 receptors abolishes rhythmic clock gene expres-
sion in the mammalian PT (10, 11, 24, 25), indicating that the
molecular clockwork of this tissue is ultimately melatonin
dependent. The data presented here, however, demonstrate
clear temporal variation in PT expression of four core clock
genes over a 24-h period in the absence of a rhythmic mel-
atonin signal and thus strongly support the existence of an
endogenous PT oscillator. We therefore suspect that arrhyth-
micPer1 gene expression in the PT of hamsters that have been
pinealectomized for 7 d (11) derives from progressive damp-
ing of the PT circadian oscillator. Based on recent studies of
damping in cell culture systems (26–28), we speculate that
this is a result of desynchronization of circadian oscillators
in individual PT cells. Accordingly, in genetically melatonin-
synthesis- or melatonin-receptor-deficient mice (10, 24, 25),
PT gene expression is likely arrhythmic because PT cells
never become synchronized during fetal or postnatal
development.
The present study has examined only one aspect of the
information inherent in the endogenous melatonin signal:
rising melatonin levels associated with night onset. Our data
suggest that a dusk-like response (high Cry1, low Per, Rev-
erb, and Bmal1) can be elicited by increasing melatonin
levels occurring at any phase throughout the 24-h cycle. This
suggests that PT cells exhibit a type 0 resetting response (29)
to risingmelatonin levels, that is to say that the PTmolecular
clockwork resets to a dusk state in response to rising mel-
atonin, independent of its state immediately beforehand.
This dusk state is transient, because our previous data show
that a state of low Cry1 and high Bmal1 expression develops
during continued melatonin presence through the middle to
the end of the night (6). Because the effects of melatonin on
cAMP-dependent signal transduction and gene expression
persist during prolonged melatonin exposure (2), it is likely
that cAMP-independent mechanisms account for disappear-
ance of the dusk state under physiological conditions.
Interestingly, the PT of the Japanese quail also rhythmi-
cally expresses clock genes, of which Cry1 may be acutely
induced by light. However, photic induction of Cry1 is sub-
ject to circadian gating in this tissue (30), suggesting that the
avian PTmay contain amore robust oscillator than is the case
in mammals.
For sheep in a natural environment, the times of dawn and
dusk move in opposite directions during the annual cycle,
raising the possibility of a similar flexibility in the resetting
FIG. 4. Melatonin acutely induces Cry1 mRNA expression through-
out the 24-h cycle. Soay sheep acclimated to LP conditions were kept
in constant light for the final 24 h of the experiment. During this
period, animals were given either melatonin infusion or sham treat-
ment every 4 h and killed 3 h after treatment. A, Representative
autoradiographs of Cry1 expression in the PT of melatonin- vs. sham-
treated animals. Scale bar, 5 mm. B, Quantified expression of Cry1
in the PT of animals treated with sham vs.melatonin across the 24-h
cycle. Melatonin significantly increased Cry1 mRNA expression in-
dependently of infusion time (P  0.001 for effect of treatment, two-
way ANOVA; *, P  0.05, sham vs. melatonin, Bonferroni’s post hoc
test). Values are mean  SEM of n  4 animals per group.
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response of the PT oscillator to declining melatonin levels
associated with dawn. Although we have yet to perform an
experiment explicitly to address this, our published data
agree with this prediction; the timing of the dawn state,
characterized by high Per1, can be delayed by an acute light
manipulation in the preceding evening that delays the dawn-
associated decline in melatonin secretion (8). Hence the cir-
cadian clockwork of the sheep PT shows a remarkable plas-
ticity in its response to changing patterns of melatonin
secretion.
Early work in the mammalian PT focused on the ability of
melatonin to modulate adenylate cyclase activity (2). Mela-
tonin-regulated expression of Per1, which is considered a
cAMP-regulated immediate-early response gene in the PT
(31), is likely to occur through this pathway (24). However,
other clock genes are not directly sensitive to cAMP signal-
ing, suggesting that melatonin-dependent signaling may oc-
cur by additional and as yet undefined signaling pathways.
Consistent with this possibility, previous studies of many
tissues, including the ovine PT, have revealed a wide range
of intracellular pathways that are sensitive to melatonin (32).
At present, we cannot entirely rule out the possibility that
induction of Cry1 drives changes in the expression of other
clock genes. However, we feel that this putative mechanism
is unlikely, because it would require not only rapid tran-
scription and translation of Cry1 but also a high level of
mRNA instability for other clock genes to be affected within
the short interval (3 h) betweenmelatonin infusion and tissue
collection used in this study.
Additional to its role in seasonal neuroendocrine control,
melatonin may influence the function of the SCN itself. Ex-
ogenous melatonin administration has been shown to syn-
chronize circadian behavioral rhythmicity in rodents (33, 34)
and in humans (35), and melatonin can reportedly phase-
shift circadian rhythms of electrical activity in mouse SCN
slice preparations (36). Knockout of the MT1 and MT2 mel-
atonin receptor subtypes abolishes phase-shifting responses
to melatonin in mice and acute effects of melatonin on SCN
electrical activity (37, 38). Hence it is possible that circadian
effects of melatonin are mediated through melatonin recep-
tors located in the SCN.Nevertheless, a recent study reported
no effect of melatonin injection on clock gene expression in
the rat SCN (39). In sheep, melatonin receptors are at best
weakly expressed in the SCN (40), and in the present study
a mild effect of melatonin injection was seen for only one
gene, Rev-erb, at one time point only. Possibly our data and
that of Poirel et al. (39) reflect different coupling between
melatonin receptors and circadian molecular clockwork in
SCN compared with PT cells. Alternatively the heteroge-
neous cellular composition of the SCN and its sensitivity to
multiple inputs in addition tomelatonin (41)may account for
these results.
A final point of interest is the regulation of plasma pro-
lactin concentration in this study. We have previously de-
scribed a LP-induced increase in prolactin concentration
within 24 h (8). In this study, the animals required approx-
imately 4–6 wk of LP exposure before showing such a rise.
This difference can be explained by two reasons. In the cur-
FIG. 5. Melatonin acutely inhibits the endogenous elevation of expression of multiple clock genes. Soay sheep acclimated to LP conditions were
kept in constant light for the final 24 h of the experiment. During this period, animals were given either melatonin infusion or sham treatment
every 4 h and killed 3 h after treatment. Data show quantified expression of Per1, Per2, Rev-erb, and Bmal1 in the PT of animals treated with
sham vs. melatonin across the 24-h cycle. Melatonin significantly inhibited gene expression (P  0.05 for effect of treatment for Bmal1; P 
0.001 for effect of treatment for other clock genes, two-way ANOVA; *, P  0.05, sham vs. melatonin, Bonferroni’s post hoc test). Values are
mean  SEM of n  4 animals per group.
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rent study, animals were likely to exhibit early refractoriness
to shortening winter photoperiod when they were trans-
ferred to controlled lighting regimes; furthermore, animals
were not habituated to blood sampling and it is therefore
likely that initial prolactin concentrations were affected by
stress of experimental manipulation at this stage. During the
final 24 h of this experiment, melatonin caused an acute
inhibition of prolactin release in the sheep under constant
light. This is unlikely to reflect a direct effect on lactotroph
cells, which do not appear to expressmelatonin receptors (22,
42) and are unresponsive tomelatonin in primary cell culture
(43). It is unclear whether melatonin acts at the level of the
PT or hypothalamus to acutely suppress prolactin concen-
tration. Although hypothalamic monoamines are not be-
lieved to drive photoperiodic changes of prolactin secretion
(44, 45), there is some evidence that melatoninmay stimulate
secretion of the prolactin-inhibiting factor dopamine from
hypothalamic neurons (46, 47). Alternatively, melatonin in-
fusionsmay have acutely inhibited the secretion of prolactin-
releasing factor(s), termed tuberalin, from the PT (43, 48–51).
However, the acute effects of melatonin on tuberalin secre-
tion are as yet unknown.
In summary, we propose that the PT may become an
important model tissue to address the function of peripheral
circadian oscillators as well as the mechanisms of photope-
riodic time measurement. A strength of the PT as a circadian
model is that it has awell defined circadian input, melatonin.
As well as testing the generality of the results described here
in other species, we are currently developing in vitro tech-
niques to further evaluate the effect of melatonin on the PT
circadian clockwork. These studies will extend beyond the
scope of the current in vivowork and will hopefully provide
novel insights into the chronotherapeutic effects of
melatonin.
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